Formation of surface plasmon modes in sodium nanoclusters containing 20-300 atoms was studied using the GW method. It is shown that in the small Na nanoparticles up to 2 nm in size, the loss function Im[ −1 ] is dominated by a single peak corresponding to localized surface plasmon resonance (LSPR). For particles of 2 nm and more, a resonance corresponding to surface plasmon polariton (SPP) oscillations begins to form, as well as a resonance corresponding to volume plasmon (VP) excitations. Considering the above, the linear size of a particle in the range of 0.7-3.7 nm can be estimated as the lower limit for metal nanodevices operating with SPP. On the example of spherical nanoparticles consisting of a silicon core coated with sodium atoms, it is shown that the LSPR mode is selectively suppressed while the SPP mode is not. Such composite structures can be considered as an example of nanoplasmonic devices with selectively tuned characteristics.
In general, the picture of plasma oscillations in finite systems can be represented as follows. Peaks in the nanoparticle absorption and scattering spectra [1, 2, 3, 4, 5, 6, 7, 8, 9] , in the EELS spectra for nanoparticles [11, 12, 13, 14] indicate several types of excitations. The high-frequency peak corresponds to volume plasmons with a frequency tending to ω pl in the limit of large particles, where ω pl is the frequency of the volume plasmon in the bulk. At a lower frequency, peaks corresponding to multipole plasma excitations are present. These peaks appear due to the closed surface of the particle.
In the Mie theory [15] , these peaks correspond to frequencies equal to l 2l+1 ω pl . In particular, excitations with l = 1 correspond to LSPR with the Mie resonance frequency equal to ω pl / √ 3. In addition, peaks corresponding to the normal surface eigenmodes are observed at the boundary of bulk samples. One of them is the SPP mode [16, 17] , which is an electron density wave propagating along the surface with a frequency of ω pl / √ 2 (for the jellium-vacuum interface). The induced density is localized in the surface layer and has a monopole structure normal to the interface. At a higher frequency (but less than ω pl ), a resonance associated with the surface Bennett mode may be observed [18, 19] . The Bennett mode has a dipole structure of induced charge density normal to the surface.
Most of the theoretical works related to plasma excitations in metal nanoobjects are devoted to the study of the dependence of the LSPR mode frequency and attenuation on the particle size.
To date, this issue has been studied in detail. There are many experimental and theoretical works considering the formation of quadrupole, octupole and other multipole modes in a nanocluster. At the same time, very few works consider normal surface plasmon modes in nanoclusters. Such a gap is mainly due to the lack of experimental data on SPPs in nanoparticles. Direct excitation of SPP in a nanoparticle by an incident electromagnetic wave is not possible, since both the frequency and the wavevector of the exciting light should match the frequency and wavevector of the SPP [20, 21, 22] .
The more sophisticated method is needed. As the consequence related problems were not addressed in the theory. We do not know the microscopic theoretical works devoted to the mechanism of the formation and conditions of existence of such modes in small nanoparticles. The purpose of our work is to fill this gap. It was studied the behavior of SPP excitations in small nanoparticles. The limit of a nanoobject size where these modes exist as distinctive excitations was examined. Such research seems to be a very relevant topic not only from a fundamental point of view, but also from practical applications in perspective electronic devices [17, 23, 24] .
The choice of sodium nanoparticles as an object of study is explained by the following. On the one hand, a lot of data on the LSPR in sodium nanoparticles is available. On the other hand, sodium systems are relatively simple for the band description. Thus, it is possible to carry out accurate calculations of objects containing up to several hundred atoms, to compare the results with the available data, as well as to complement the existing picture of plasmons in nanoobjects.
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For accurate description of electronic excitations it is necessary to calculate the response of the system to a perturbation, which requires consideration in the framework of "beyond-DFT" methods.
The most common method for studying plasmons in nanoparticles is the real-time TDDFT method [25, 26, 27, 28, 29, 30, 31] . Frequency-space TDDFT [32] and GW [33] approximations are less commonly used. In the real-time TDDFT, the system in the ground state is first affected by an appropriately selected external perturbation, and then the evolution of the system is calculated. The peculiarity of this method that needs to be emphasized is that the applied perturbation interacts with different plasma modes in different ways. For example, a perturbation resonantly exciting localized surface plasmons will not excite bulk ones. The activation of bulk modes will occur through their interaction with surface modes. Thus, the excitation of different modes is differently distributed over time. This seems to be the reason that the peaks of bulk plasmons in real-time TDDFT are often almost invisible. In the case of excitation of the SPP mode in nanoparticles, real-time TDDFT approximation will have the same problems. There is no such problem for the method based on GW approximation that is used in this work.
The approach is as follows. The dynamic response function of the system at the frequency ω has the form [34] , [35] :
where q is a vector in the first Brillouin zone, G and G are reciprocal-lattice vectors, E nk is the mean-field quasiparticle energy, n and n are occupied and unoccupied electronic states respectively.
Based on the response function χ GG (q, ω), a dielectric matrix is constructed:
Then the inverse matrix −1 GG (q, ω) is build. Finally, we construct −1 (r, r , ω):
Calculations were carried out at the gamma point q = 0. The function −1 (r, r , ω) describes the system response at r to a perturbation at r . In the absence of local field effects in a homogeneous crystal (as well as in the jellium model) [36], [37] , [38] , [39] . For small clusters, we can distinguish −1 (r, r ) for two cases, when r and r are inside the cluster or at the surface region. In the first case, VP's should give a more pronounced contribution, in the second -SPP's.
Density functional calculations in the Quantum Espresso (QE) [40] code were used as a starting point for the one-iteration G 0 W 0 . The QE calculations were made with PBE GGA pseudopotential and a plane wave basis set having the cutoff energy of 45 Ry. Computations were performed for cubic supercell geometry with the side length of 62 Bohr. Such supercell sizes provide the vacuum region enough for the plasma frequencies convergence to within 0.1 eV. For the GWA calculations the BerkeleyGW [34] , [41] , [42] package was applied. Full frequency dependence method with contourdeformation formalism for the inverse dielectric matrix calculations was used. Energy cutoff for the dielectric matrix was set to 2.0 Ry. The Coulomb interaction was cutoff on the edges of cell box.
Sodium cluster geometries studied in our work were taken from The Cambridge Cluster Database
[43]. The atomic structures of considered nanoclusters were relaxed using PBE GGA functional until atomic forces became less than 10 −4 Ry/Å. The resulting structures have a compact shape close to spherical. The internal structure of clusters containing more than one hundred Na atoms tends to the bcc geometry of crystalline sodium. However the exact atomic structure of the nanoparticle is not crucial. Since plasmons in metal clusters are the collective motion of conduction electrons, their general properties are rather related to the overall shape, size, and electronic density than to the exact atomic structures [25] , [26] , [44] . This suggests that the studied structures give an idea of the characteristic properties of plasma excitations in metallic nanoparticles.
Si n Na m structures were obtained by coating a compact silicon core [45] with a shell of sodium atoms with subsequent relaxation. For clarity, calculations of the plasma excitations of the structure obtained from Na 300 by cutting the core out (only the outer layer of atoms is left) were performed.
Obviously, such a structure is not stable, there was no relaxation in it.
Results and discussion
Let us consider how the resonances of collective electronic excitations change with an increase of the nanoparticle, starting with structures containing several tens of atoms. For small clusters, it is reasonable to expect smearing of plasmon resonances due to strong attenuation during plasmon scattering on the surface [11, 12, 14] and the influence of single-particle excitations [26, 37, 46, 47, 48] .
The significance of these effects should decrease with increasing cluster size. Figure 1 shows the loss function Im[ −1 (r, r , ω)] for sodium clusters containing 20, 40, 60, 80, 100, 150, 200, 250, 300
atoms. The point r was chosen at the center of the particle, and the point r was chosen near the surface. In the Na 20 -Na 60 clusters a single resonance in the region of 3-3.5 eV can be distinguished, it corresponds to the LSPR. This resonance is highly blurred and has a pronounced tail extending to the high-frequency region. Such structure of LSPR in small Na nanoparticles is explained by the Landau damping due to the presence of single-particle transitions with energies close to the LSPR energy [26, 37, 46, 47, 48] . As can be seen from fig.1 , among the nanoparticles considered, the highest peak defragmentation is observed in Na 20 and Na 40 , which corresponds to the experiment and was noted in previous theoretical works [7, 26, 33, 48] .
As the cluster size increases (Na 80 -Na 100 ), two more peaks associated with SPP and VP resonances begin to form at frequencies 4-4.6 eV and 6.5-6.8 eV, respectively. This identification of peaks with resonances can be justified as follows. The resonance intensity in the region of 6.5-6.8 eV (resonance associated with VPs) increases with the cluster size ( fig.1 ) and is maximum inside a particle ( fig.2) , as it should be in the case of bulk plasmons. The VP frequency in crystalline sodium is 5.8-5.9 eV [38] , [49] , [50] . Our calculation for VP frequency in sodium gives a magnitude of 6.05 eV that is typical overestimation for the RPA models [19] . The VP frequency in nanoparticles is increased compared to the bulk, which is explained by quantum size effect [30, 32, 51, 52] . Thus, the resonance in the region of 6.5-6.8 eV can be identified as VP oscillations. From fig.1 it is seen that in clusters containing 100-150 atoms, the intensity of VPs becomes comparable to surface plasmons intensity. In the work [32] , VP resonance also becomes distinguishable for a jellium sphere containing about 100 electrons. In the work [53] , VP mode becomes clearly distinguishable for ionized sodium nanoclusters containing about 10000 atoms or more, which is probably the result of non-stationary and non-linear effects in high temperature plasma.
The resonance intensity in the region of 4-4.6 eV (resonance associated with SPPs) is maximum in the surface region, which corresponds to surface excitations (fig.2 ). The frequency of the peak increases with increasing particle size and for Na 300 reaches 4.6 eV, i.e. it approaches the value ω pl / √ 2
(ω pl = 6.8 eV for Na 300 ), as it should be for the surface of the bulk system. This allows associating the peak with the SPP resonance. In Na 80 and Na 100 LSPR and SPP peaks are still difficult to separate ( fig.1 ). With the further increase of the particle, these resonances become detached. LSPR peak frequency decreases from the cluster Na 150 to Na 300 from 3.2 eV to 2.8 eV (see also [30] ). SPP resonance frequency increases from 4 eV for Na 100 to 4.6 eV for Na 300 . Summarizing, we can say that SPPs in Na nanoparticles become well distinguishable excitation for systems containing 150-200 atoms and more, or with a size of ∼ 2 nm and more. Figure 2 shows the function Im[ −1 (r, r , ω)] for Na 300 , where the points r and r are in the central region of the particle (a), and where the points r and r are in the surface region (b). It is clearly seen that in the first case, the highest intensity has a high-frequency resonance at 6.8 eV, corresponding to VPs. In the case of r and r lying in the surface region, the peak at 4.6 eV corresponding to SPPs has the highest intensity. In both cases, the LSPR peak at a frequency of 2.8 eV is well distinguishable. This decrease in frequency is explained by the fact that the electron density of the shell monatomic layer is less than in the surface layer of a simple Na 300 , since the electron density spills out both outward and inward. A similar redshift of the LSPR was observed experimentally in hollow gold nanoclusters [54] .
In some theoretical works (e.g. [30] , [31] ), relatively weak features (relative to other excitations) in the optical absorption spectra have been attributed to the surface Bennett mode. In the electron loss spectra experiment, the Bennett mode resonance is observed on the bulk Na [19] surface in the middle between SPP and VP peaks. From fig.2c for the hollow particle we can see the tail in Thus, the condition of the dipole charge distribution for the mode is satisfied more efficiently.
Quadrupole plasmon excitations as well as multipole modes of higher orders were not considered in the analysis of the studied clusters, since such modes are excited in much larger particles. For example, in gold and silver nanoparticles quadrupole plasmon resonance is observed at particle sizes of ∼100 nm and more [8] , [9] , [10] , [55] , [56] . shell are evenly distributed in the surface layer. In a rough approximation, we can assume that the electronic structure of such Si-Na nanoparticle is represented by two separate subsystems -the silicon core and the sodium shell. Then the plasmons in these two subsystems can be considered as distinct and "weakly" interacting excitations. The characteristic frequencies of electronic excitations in these systems also differ markedly. For comparison, the frequencies of bulk plasmons in crystalline sodium and crystalline silicon are 5.8-5.9 eV [38] , [49] , [50] and 16.9-17.3 eV [57] , [58] , [59] , respectively.
For fig.3 , the following features can be pointed. In the frequency region of 18-14 eV, the studied clusters exhibit peaks associated with the bulk plasmons of the silicon core [11] , [12] , [45] . Peaks in the region of 13-7 eV are associated with the surface modes of the silicon core. The highest intensity on all the curves has the SPP peak of the sodium shell at a frequency of 3.4, 3.7 and 4 eV for the clusters Si 10 Na 22 , Si 35 Na 59 and Si 64 Na 76 respectively. The absence of the LSPR peak of the sodium shell in Si 35 Na 59 and Si 64 Na 76 is of particular interest. This can be explained by the fact that LSPR is a uniform translational oscillations of electrons relative to the center of mass of the particle. The silicon core screens the Coulomb interaction (with a frequency lower than the plasma frequency of the core) of ordered electron displacement of the LSPR mode at opposite ends of the sodium shell.
In the case of a small silicon core as in Si 10 Na 22 , the LSPR peak at a frequency of 2 eV is still distinguishable, but is strongly suppressed. The LSPR in sodium shell disappears as the size of the silicon core increases (Si 35 Na 59 and Si 64 Na 76 ). In turn, SPP excitation is a charge density wave propagating along the surface, so the central core affects the SPP resonance of the metal shell of the particle much less. Unfortunately, the comparing of the obtained results for Si-Na clusters with experimental data seems problematic. There are a few papers on optical absorption in the metal coated semiconductor nanoparticles [60, 61, 62] , but the nanoparticles studied in these papers are two orders of magnitude larger than the particles discussed here, and the effect of the LSPR mode screening cannot be distinguished against the background of other effects.
Conclusions
The above calculations show that in the small Na nanoparticles up to 2 nm in size and containing up to a hundred atoms, the loss function at the bulk sodium boundary in the case of a static external field has a comparable thickness: the depth of localization of the induced charge (with the structure of Friedel oscillations) is about 1.5-2 nm [63] . Considering the above, we conclude that the linear size in the region of 2 nm is the lower limit for sodium-based devices operating with SPP. For nanoparticles of other metals or alloys, the minimum size should vary proportionally to the plasma screening length in the material. The Debye length could be expressed as λ D ∼ √ r s 3 , where r s is Wigner radius. Given that in sodium r s equals to 4 a.u., and varies from 2 to 6 a.u. in general for metals [64] , the lower limit for SPP devices will vary in the range of 0.7-3.7 nm.
Si n Na m nanoparticles having a structure with a compact silicon core coated with a shell of sodium atoms were considered. Calculations show that the semiconductor core screens the Coulomb interaction of the LSPR mode electron displacements in the metal shell. As a result, in the considered structures Si 35 Na 59 and Si 64 Na 76 the LSPR mode in sodium shell is completely suppressed. At the same time, the semiconductor core has a much smaller effect on SPP excitation in the metal shell, SPP resonance remains clearly visible. Such combined structures can be considered as an example of nanoplasmonic devices with selective tuned features.
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